Early life adversity is known to disrupt behavioral trajectories and many rodent models have been developed to characterize these stress-induced outcomes. One example is the scarcity-adversity model of low nesting resources. This model employs resource scarcity (i.e., low nesting materials) to elicit adverse caregiving conditions (including maltreatment) toward rodent neonates. Our lab utilizes a version of this model wherein caregiving exposures occur outside the home cage during the first postnatal week. The aim of this study was to determine adolescent and adult phenotypic outcomes associated with this model, including assessment of depressive-and anxiety-like behaviors and performance in different cognitive domains. Exposure to adverse caregiving had no effect on adolescent behavioral performance whereas exposure significantly impaired adult behavioral performance. Further, adult behavioral assays revealed substantial differences between sexes. Overall, data demonstrate the ability of repeated exposure to brief bouts of maltreatment outside the home cage in infancy to impact the development of several behavioral domains later in life.
scarcity-adversity model of low nesting resources wherein pup exposures occur outside the home cage with dams placed in a novel environment and given insufficient nesting materials. This results in disrupted maternal care such that adverse behavior directed toward pups (i.e., dragging, dropping, stepping on, roughly handling, or actively avoiding pups) is significantly increased when compared to pups in the home cage or in a control condition where nesting resources are plentiful (Doherty, Forster, & Roth, 2016; Roth, Lubin, Funk, & Sweatt, 2009; Roth, Matt, Chen, & Blaze, 2014) .
These different early stress models often produce different behavioral outcomes. For example, offspring of naturally low-licking and grooming dams exhibit significantly increased levels of anxiety-like behavior in the open field test when compared to offspring of naturally high-licking and grooming dams (Caldji et al., 1998) . In contrast, adult mice exposed to fragmented maternal care in infancy exhibit no significant behavioral differences in this same test when compared to controls (Rice et al., 2008) . Behavioral outcomes can also differ within the same model, presumably based on variations in model parameters.
For example, maternal separation has been shown to both diminish (Stevenson, Spicer, Mason, & Marsden, 2009 ) and enhance (Toda et al., 2014) conditioned fear in adult male rats (using 6-and 3-hr separations, respectively). These variations across and within models indicate that the phenotypic impact of each model (and variation therein) should be examined.
The aim of this study was to characterize phenotypic outcomes in the scarcity-adversity model of low nesting resources outside the home cage. Our lab has previously identified the impact of these brief and repeated exposures on one realm of behavior, maternal behavior (Roth et al., 2009) , as well as the epigenome in several brain areas of adolescent and adult animals (Blaze, Asok, & Roth, 2015; Blaze, Scheuing, & Roth, 2013; Roth et al., 2014) . Here we explore the development of several other behavioral domains following exposure to our model.
| METHODS
All procedures were conducted by the standards and with the approval of the University of Delaware Animal Care and Use Committee.
| Subjects and caregiving manipulations
Subjects consisted of male and female Long-Evans rat pups bred inhouse. Dams were housed in polypropylene cages with wood shavings and kept in a temperature controlled room on a 12-hr light/dark cycle.
Food and water were available ad libitum. On postnatal (PN) day 1 (the day after birth) litters were culled to 5-6 males and 5-6 females.
Caregiving manipulations were conducted as previously reported by our lab Doherty et al., 2016; Roth et al., 2009; Roth et al., 2014) . Pups were exposed to one of three conditions (maltreatment, cross-foster, and normal-care) 30 min daily for the first seven days of life. Pups in the maltreatment condition were exposed to a novel environment with a lactating dam (matched in diet and postpartum age to the birth mother of the experimental pups) given insufficient nesting resources and no time to habituate to her surroundings. Pups in the cross-foster condition were exposed to a novel environment with a lactating dam (likewise matched in diet and postpartum age) given ample nesting materials and time to habituate to her environment (approximately 1 hr). Pups in the normal-care condition were simply weighed and returned to their biological mother in the home cage. All sessions were recorded and scored by two trained observers who marked each occurrence (in 5-min time bins) of both nurturing caregiving behaviors (nursing, licking, and grooming) and adverse caregiving behaviors (stepping on, dropping, dragging, roughly handling, or actively avoiding pups). An average of the two observer's scores was then taken for statistical analysis. Audible and ultrasonic (40 kHz) pup vocalizations were also recorded during each session.
Two trained individuals scored each audio file and marked the occurrence of vocalizations (in 1-min time bins). An average of their scores was then taken for statistical analysis. A subset of litter scores was analyzed to ensure reliability between observers (percent of interrater reliability was 87% on average).
Following the last exposure on PN7 pups were left undisturbed in the home cage until weaning between PN21-23. At this time they were pair-housed with a same-sex, same-condition littermate until behavioral testing at PN30 or PN90.
| Adolescent and adult behavioral testing
Subjects were tested in adolescence and adulthood (PN30 and PN90, respectively) and no more than two males and two females from a litter were assigned to an experimental condition in order to avoid litter effects. One cohort was used for adolescent open field, novel object recognition, and forced swim data (tests run in that order on consecutive days). A second cohort was used for adult data on the same tasks. A third cohort was used for adolescent fear conditioning. A fourth cohort was used for adolescent novelty-suppressed feeding, marble burying, and sucrose preference (tests run in that order on consecutive days).
A fifth cohort was used for adult novelty-suppressed feeding, marble burying, sucrose preference, and fear conditioning (run in that order on consecutive days). See Figure 1 for cohort layout.
Subject numbers for all behavioral tests are provided in corresponding figure legends.
| Sucrose preference
Subjects were exposed to a 2-day sucrose preference procedure (adapted from Posillico & Schwarz, 2016) . Rats were exposed during two consecutive sessions to two water bottles, one filled with tap water and the other with 1% sucrose water. Each bottle was weighed (in grams) before and after testing to determine consumption.
Orientation of the bottles was switched between testing days to control for place preference. Day 1 was considered a habituation session to the two-bottle choice arrangement. A sucrose preference score was then derived from data obtained on Day 2 by dividing the average weight in grams of sucrose consumed by the average weight in grams of total liquid consumed, multiplied by 100.
| Forced swim test
Rats were exposed to the habituation phase of the Porsolt forced swim test (adapted from (Castagné, Moser, Roux, & Porsolt, 2011) in which they were placed in ∼9 inches of room temperature (∼25°C) water in 27 cm diameter × 30 cm height (adolescent) or 29 cm diameter × 48 cm height (adult) buckets for 15 min. Rats were then thoroughly dried with a microfiber cloth and placed in a warm cage over a heating pad until dry. Twenty-four hours later, rats were again placed in the forced swim chamber for 5 min and time spent immobile (i.e., only making movements necessary to keep head above water) and latency to go immobile were scored by trained observers.
| Novelty-suppressed feeding task
Rats were exposed to a novelty-suppressed feeding task (adapted from Merali, Levac, & Anisman, 2003) . Rats were exposed for 10 min to a familiar food reward (an almond slice) in a 38 cm diameter × 22 cm height (adolescent) or 84 cm diameter × 36 cm height (adult) novel, open arena. All testing was performed in red light with white noise (approximately 60 dB). Prior to testing day, subjects were familiarized with the almond slice via two home-cage exposures, one in the early morning and one in the late evening. The food reward was presented in the home cage in the same manner in which it was to be encountered in the arena (i.e., with the almond slice placed in the middle of a clear plastic petri dish). All animals began the test from the same point in the arena and latency to consume the food reward was recorded. The arena was cleaned thoroughly with ethanol between each subject.
| Marble burying
Rats were exposed to a marble burying task (adapted from Pandey, Yadav, Mahesh, & Rajkumar, 2009 The open field apparatus was cleaned thoroughly with ethanol between each subject.
| Fear conditioning
Fear conditioning, extinction, and retention testing protocols were performed in adolescent (adapted from Kim, Li, & Richardson, 2010) and adult (Chang et al., 2009) in real-time for freezing behavior using ANY-maze software (Stoelting Co., Wood Dale, IL). Freezing during the CS presentation and the following ITI were blocked into one trial and converted into percentages for statistical analyses.
| Novel object recognition (NOR)
Rats were exposed to a novel object recognition task (adapted from Oliveira, Hawk, Abel, & Havekes, 2010) . Following habituation to the arena subjects were exposed to two of the same objects (PN30: orange 50 ml conical tubes or 7 cm diameter × 5 cm height yellow measuring cups; PN90:
orange 50 ml conical tubes or 2 inch width black binder clips) secured in the open-field arena (38 cm diameter × 22 cm height for adolescents or 84 cm diameter × 36 cm height for adults) for 15 min. Twenty-four hours later subjects were returned to the testing chamber with one of the objects from the previous day and one novel object for 15 min. The testing apparatus was thoroughly cleaned with ethanol between subjects. Video was recorded and trained observers scored time spent interacting with each object. These values were then used to obtain an exploration ratio (time spent exploring novel object/time spent exploring both). 
| Statistical analyses

T-tests with
Bonferroni corrections were applied when necessary. Finally, as is common for analyzing novel-object recognition performance (Dix & Aggleton, 1999; Ramsaran, Westbrook, & Stanton, 2016) , exploration ratios of each group were compared to chance performance (50%) using one-sample t-tests.
3 | RESULTS
| Caregiving manipulations
Assessment of caregiving behavior with a two-way ANOVA revealed a main effect of caregiving behavior (F 1,98 = 219.8, p < .001) and a behavior × infant condition interaction (F 2,98 = 57.56, p < .001). Infants exposed to normal-and cross-foster care experienced significantly higher levels of nurturing care and significantly lower levels of adverse care when compared to infants exposed to the maltreatment condition (p < .001). Adverse and nurturing behaviors are illustrated in Figure 2 for each condition. One-way ANOVAs revealed a significant effect of infant condition on the level of hovering/nursing (F 2,49 = 10.94, p < .001), stepping on pups (F 2,49 = 21.44, p < .001), dropping pups (F 2,49 = 4.376, p < .05), dragging pups (F 2,49 = 7.941, p < .01), actively avoiding pups (F 2,49 = 15.46, p < .001), and roughly handling pups (F 2,49 = 9.023, p < .001). No significant differences in licking/grooming behavior were found between groups (p = 0.244). Bonferroni post-hoc tests revealed that when compared to normal and cross-foster care controls, maltreated pups experienced significantly lower levels of hovering/ nursing (p < .01) and higher levels of stepping (p < .001) and avoidance (p < .001) during manipulations. Maltreated pups were also dropped significantly more than cross-foster care pups (p = .0268) and dragged (typically while nipple attached) significantly more than pups in the normal care condition (p = .0007). Post-hoc analysis also revealed that pups in the cross-foster care condition experienced significantly lower levels of rough handling by the dam during experimental manipulations than both normal-care and maltreated pups (p < .05). Additionally, levels of audible and ultrasonic vocalizations emitted by maltreated pups (see Table 1 for means and statistical comparison) during caregiving manipulations were comparable to those previously reported by our lab Roth et al., 2014) .
| Behavior outcomes
Infant manipulations had no effect on adolescent outcomes in any of the tasks used here to assess behavior (see Table 2 for statistics). For adults however behavioral performance in many of these tasks was altered.
Sucrose preference and forced swim behavior were used to characterize depressive-like behaviors in adulthood (Figure 3 ). For sucrose preference (Figure 3a) , a two-way ANOVA revealed no significant differences between groups on sucrose preference scores for either habituation (Day 1) or testing (Day 2) (all p > .05 for sex, caregiving condition, and interaction). While there were no significant effects of condition or sex (or an interaction) on total time spent immobile in the forced swim test, a two-way ANOVA did reveal a significant effect of caregiving condition on latency to go immobile (F (2,54) = 4.850, p < .05, Figure 3b ). Bonferroni post-hoc tests indicate a longer latency to immobility in maltreated subjects when compared to their normal-care counterparts (p = .0098).
In the realm of anxiety-like behavior, a two-way ANOVA To assess fear-related learning and memory, adult rats were evaluated for fear conditioning, extinction, and retention ( Figure 5 ).
ANOVA conducted on fear conditioning training data yielded a main effect for blocked trial (F (5,310) = 333.168, p < .001), indicating that fear conditioning was acquired in all subjects. There were no significant effects of sex or infant caregiver condition during fear conditioning (p > .05), suggesting equivalent fear acquisition between both sexes and across all infant caregiver conditions. Analyses of fear extinction training revealed a sex × infant condition interaction (F (2, 63) = 5.724, p = .005). To further examine this interaction, ANOVAs were performed on freezing levels for male and female subjects separately. These analyses revealed a main effect of condition for male subjects (F (2, 31) = 4.1, p = .026). This main effect FIGURE 2 Distribution of nurturing and adverse behaviors exhibited by dams in each treatment group; n = 17-18 dams per group These results suggest that second order contextual fear conditioning could be occurring in males with a history of exposure to caregiver maltreatment, as they are acquiring fear to the fear extinction context (i.e., context B) even though the US was never presented in this context. This elevated fear to context B was not present prior to CS exposure in context B (i.e., there was no difference in freezing levels between animals from different infant caregiver conditions during the baseline session of fear extinction).
Finally, NOR was used to evaluate recognition memory ( Figure 6 ). However, one-sample t-tests (typically used in this task to assess difference from chance, see section on statistical analysis) revealed that normal care (t (10) = 4.511, p = .0011) and cross-foster care females (t (10) = 4.082, p = .0022) could perform significantly above chance in the NOR, whereas maltreated females could not (t (10) = 1.867, p = .0915). FIGURE 3 Sucrose preference scores (a) and latency to immobility during forced swim (b) in adult animals; n = 9-12/group; *p < 0.05 versus normal care controls; error bars represent SEM For males, the normal care (t (9) = 2.434, p = .0377) and maltreatment (t (9) = 2.288, p = .0480) conditions could perform the task above chance, but the cross-foster group could not (t (8) = 0.3434, p = 0.7402). The mild impairment detected in maltreated females may be driven by variability (individual data points are provided in Figure 6 ).
| DISCUSSION
Here we characterized behavioral outcomes in the scarcity-adversity model of low nesting resources, a model of disrupted infant-caregiver interaction. Using a version of this model wherein caregiving manipulations take place outside the home cage, we found groupand sex-specific differences in behavior only at the adult time point. In our assessment of depressive-like behavior we found that maltreated animals exposed to an adverse caregiving environment exhibited a longer latency to immobility in the forced swim test. When assessing anxiety-like behaviors we found that exposure to nurturing or adverse care outside the home cage eliminated the sex-difference seen in normal-care controls in time spent in the center of an open-field arena.
Assessment of recognition memory revealed that unlike their normaland cross-foster care counterparts, maltreated females were unable to perform above chance in a novel-object recognition task.
No deficits were found in males when assessing anxiety-like behaviors with novelty-suppressed feeding and marble burying.
However, when assessing performance on a fear conditioning and extinction paradigm, males displayed robust behavioral alterations not found in female subjects. Specifically, males exposed to maltreatment exhibited an extinction deficit such that they were significantly impaired at acquiring extinction when compared to their normal-care counterparts. This deficit persisted into extinction retention testing where they exhibited significantly higher levels of freezing at baseline than normalcare controls. Interestingly, in the novel-object recognition task, crossfoster care males were unable to perform above chance, a deficit that was not found in their normal-care and maltreated counterparts.
Though both tasks (novel-object recognition and fear extinction) assess learning and memory and both call on several of the same brain regions, behavioral differences between groups on these tasks may be expected given the considerable element of fear in one task versus the other.
Though difficult to surmise, the male cross-foster care deficit on the novel-object recognition task could be related to repeated removal from the home cage and subsequent exposure to a novel environment and dam, an effect that is somehow specific to this condition in which the novel environment is a nurturing one. The fact that this deficit is specific to the cross-foster condition in males will require further investigation to understand which factors are affecting performance in this task.
Parameters of the cross-foster condition also appeared to have an effect on open-field performance. The sex difference seen in normal care controls was absent in both the cross-foster and maltreatment groups, suggesting that this effect is not specific to maltreatment.
Depending on one's interpretation of immobility in the forced swim test, the performance of our maltreated animals could be viewed in one of two ways. Immobility in this task has been interpreted as "behavioral despair" (Porsolt, Bertin, & Jalfre, 1978) in which case the behavior of our maltreated animals could be considered adaptive given that their counterparts succumbed to behavioral despair more quickly.
Another interpretation of this behavior is that it's a coping strategy allowing for energy conservation (West, 1990) in which case our data would suggest a decreased ability to cope in animals exposed to maltreatment. Given that depressive-and anxiety-like behaviors are often comorbid (Grippo, Wu, Hassan, & Carter, 2008; Sartorius, Üstün, Lecrubier, & Wittchen, 1996) and that performance on other depressive (i.e., sucrose preference) and anxiety-like behavior (i.e., marble burying) assessments is on par with normal-care animals, the former explanation may be more likely. Further investigation will be necessary to determine which interpretation, if either, is appropriate. Previous work has also suggested deficits in the forced-swim task to be reflective of an inability to learn the immobility behavior FIGURE 4 Latency to consume the food reward in a novelty suppressed feeding task is shown in adult male and female subjects (Graph a). Graph b represents the number of buried and unburied marbles in male and female adult subjects. Graph c illustrates the amount of time in seconds spent in the center of an open field during testing in male and female adult subjects. n = 9-13/group; *p < 0.05 males versus females in the normal care condition, error bars represent SEM DOHERTY ET AL.
| 709 (De Pablo, Parra, Segovia, & Guillamón, 1989) . Considering that animals exposed to maltreatment exhibited behavioral deficits on tasks used to assess cognitive performance (i.e., novel-object recognition and fear learning/memory), the possibility that their forced-swim behavior is indicative of cognitive deficits also warrants further investigation.
Given that sucrose preference and forced swim tasks are often used in conjunction to assess depressive-like behavior, the opposing behavioral outcomes on these tasks is curious but not entirely surprising. The lack of difference between groups in sucrose preference may be fitting in the context of some of the forced swim interpretations discussed above. For example, if forced swim differences are interpreted in the light of either adaptability or cognitive deficit, lack of difference in sucrose preference is less puzzling. In addition, it is difficult to interpret the lack of differences on this task in our study given the widely variable results it produces based on factors such as rodent strain and experimental parameters such as timing of test (length of sucrose exposure as well as point of time after stressor) or sucrose concentration (Brenes Sáenz, Villagra, & Fornaguera Trías, 2006; Pothion, Bizot, Trovero, & Belzung, 2004; Van Dijken, Mos, van der Heyden, & Tilders, 1992) . Indeed, the use of sucrose preference to adequately assess reward responsiveness after stress has been called into question (Forbes, Stewart, Matthews, & Reid, 1996) . Overall, a much deeper investigation will be required to parse apart the behavioral outcomes reported here and what translational significance they may have.
Altered extinction behavior has been heavily implicated in anxiety disorders and conditions such as PTSD (Milad & Quirk, 2012) , and these behaviors are often precipitated by early life stress (Binder et al., 2008; FIGURE 5 Freezing behavior during fear conditioning, extinction, and extinction retention testing in male (a) and female (b) adult rats; n = 10-12 group; *p < 0.05 versus normal-care controls; error bars represent SEM. BL, baseline FIGURE 6 Exploration ratios in a novel object recognition task in male and female adult subjects along with individual subject points (Means: Normal care females = 61.80; cross-foster care females = 65.79; maltreated females = 57.87; normal care males = 61.79; cross-foster care males = 51.50; maltreated males = 61.12.); n = 9-11/group; *p < 0.05 versus 50% (chance); error bars represent SEM Heim & Nemeroff, 2001; Heim et al., 2000; Nugent, Tyrka, Carpenter, & Price, 2011; Yehuda & Charney, 1993) . The aberrant fear extinction behavior exhibited by males exposed to adverse caregiving are consistent with these data. The continuation of their aberrant freezing behavior into retention testing (i.e., higher levels of freezing at baseline during extinction retention testing) could be indicative of second-order contextual fear conditioning. Second-order conditioning entails the association of an innocuous stimulus with a conditioned stimulus (Pavlov, 1927; Rizley & Rescorla, 1972) and is associated with PTSD (Michèle Wessa & Herta Flor, 2007) . This is a poignant behavioral difference in our rats given the association between early life adversity and the development of PTSD following exposure to stressful stimuli later in life (McCranie, Hyer, Boudewyns, & Woods, 1992; Yehuda & Charney, 1993; Zaidi & Foy, 1994) .
The lack of any behavioral differences in our adolescent animals is somewhat surprising, especially given that other early stress paradigms disrupt behavior at this time point (Bath, Manzano-Nieves, & Goodwill, 2016; Llorente et al., 2007; Marco et al., 2013; Molet et al., 2016) , though the exposure time in these paradigms differs greatly from our own. Considering that stress exposure can lead to adaptive behavioral outcomes in some circumstances (Frankenhuis & de Weerth, 2013 ) (Bagot et al., 2009; Champagne et al., 2008; Oomen et al., 2010) it is possible that these brief, adverse exposures elicit compensatory mechanisms in adolescence, a stage where an incredible amount of restructuring takes place in the brain (Paus, 2005; Spear, 2000) . For example, differential epigenetic marks (mechanisms heavily linked to behavioral outcomes following early stress) are seen in adolescence versus adulthood following early life stress Doherty et al., 2016; Roth et al., 2014) and reversal of epigenetic signatures after maternal separation stress is known to worsen adolescent behavior outcomes (Levine, Worrell, Zimnisky, & Schmauss, 2012) .
The absence of differences at this age point may also have relevance to "sleeper effects," a phenomenon referred to in the clinical literature wherein children exposed to trauma exhibit no behavioral deficits in the short term but develop significant issues as time goes on (Elder & Rockwell, 1979; Freud & Burlingham, 1943; Wallerstein & Blakeslee, 1989) . Data here support this as our rats exhibit behavioral abnormalities in adulthood on the same tests successfully navigated in adolescence. Hormones may play a significant role in the latency of these behavioral deficits given that affective and stress-related behaviors are known to differ before and after puberty (Angold, Costello, & Worthman, 1998; Gomez, Manalo, & Dallman, 2004; Romeo, Lee, & McEwen, 2005) . Along this line of reasoning, the sex differences found here support previous literature linking early adversity with differential biological and/or behavioral outcomes in females and males (Barr et al., 2004; Cirulli et al., 2009; Drury et al., 2012; Imanaka et al., 2008; McCormick, Smythe, Sharma, & Meaney, 1995; Pohl, Olmstead, Wynne-Edwards, Harkness, & Menard, 2007) .
Characterization of behavioral phenotypes following early life stress is critical even between similar models where experimental parameters are varied. For example, work from Regina Sullivan's lab using the scarcity-adversity model of low nesting resources within the home cage between PN 8 and 12 has found depressive-like phenotypes in adolescent rats (Raineki et al., 2012) . In contrast, we did not find any differences in depressive-like behaviors at this age with our experimental parameters (PN 1 through 7, 30-min exposures outside of the home cage). The Sullivan lab has also reported increases in the time spent immobile during the forced swim test in adult rats exposed to maltreatment in infancy (Raineki et al., 2015) , findings that are also dissimilar from our own. These data help illustrate the importance of experimental variables like timing and severity of stress as factors in the risk for atypical outcomes and psychopathology.
In summary, the behavioral differences reported here help elucidate the utility of our model for investigating mild but repeated bouts of stress in the context of caregiving and its effect on the development of behavior. Such elucidation provides insight into the effects of stress in development as we can compare these results with those of other early stress models with varying parameters, including intensity and duration of stress. It is also useful in providing avenues for future investigation of the neurobiological mechanisms that underlie behavioral dysfunction evoked by early life adversity.
